I. INTRODUCTION
The charm-beauty (B c ) quarkonium states provide a unique window into heavy quark dynamics and therefore an important test of quantum chromodynamics. Although they are intermediate to the charmonium and bottomonium systems the properties of B c mesons are a special case in quarkonium spectroscopy as they are the only quarkonia consisting of heavy quarks with different flavors. Because they carry flavor they cannot annihilate into gluons so are more stable with widths less than a hundred keV. Excited B c states lying below BD (and BD or B D) threshold can only undergo radiative or hadronic transitions to the ground state B c which then decays weakly. This results in a rich spectroscopy of narrow radial and orbital excitations below B D threshold which are more stable than their charmonium and bottomonium analogues: There are two sets of S-wave states, as many as two P-wave multiplets (the 1P and some or all of the 2P) and one D-wave multiplet below BD threshold. As well, the F-wave multiplet is sufficiently close to threshold that they may also be relatively narrow due to angular momentum barrier suppression of the Zweig allowed strong decays.
The discovery of the B c meson by the Collider Detector at Fermilab (CDF) Collaboration [1] in p p collisions at s p 1:8 TeV has demonstrated the possibility of the experimental study of this system and has stimulated considerable interest in B c spectroscopy [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Calculations of B c cross sections at hadron colliders predict that large samples of B c states should be produced at the Tevatron and at the LHC opening up this new spectroscopy [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . At the Tevatron it is estimated that O10 7 B c mesons should be produced for 1 fb ÿ1 of integrated luminosity while at the LHC O10 9 B c mesons are expected to be produced for L 100 fb ÿ1 . These numbers are highly sensitive to the p T and rapidity cuts used to extract the signal [17, 18] . The B c cross sections are expected to be 50 ÿ 100% larger than the B c cross sections [16, 19, 20] and Cheung and Yuan [20, 23] predict excited P-waves to contribute 20% of inclusive B c production while D-wave states are expected to contribute about 2% [24] . Chang and Chen [22] and Cheung [19] estimate that the 2S states will be produced in roughly the ratio of 2S=1S ' 0:6. It should therefore be possible to start exploring c b spectroscopy at the Tevatron, producing the 1P and 2S states and possibly even some 1D and 2P states with sufficient rate to be observed. At the LHC, with its higher luminosity, the D-wave c b states should be produced in a sizable number so that the LHC should allow the study of the spectroscopy and decay of B c mesons.
In this paper we study the spectroscopy, including radiative transitions, of charm-beauty mesons using the relativized quark model [6, 26, 27] . The model includes one-gluon exchange with a running coupling constant and a linear confining potential. It uses relativistic kinematics and momentum dependent and nonlocal interactions. Although this model is not a rigorous calculation from first principles it gives a good account of most known mesons and baryons with only a few free parameters [6,26 -29] so that it provides a useful guide to missing states. We compare its predictions to those of other models with the aim of highlighting which predictions are most sensitive to details of the models and therefore the most useful in distinguishing models. However, we are also interested in pointing out which predictions give the greatest agreement between models and therefore offer the most robust signatures for experiments to look for. Observation of these states and measurement of their properties would provide valuable information distinguishing details of the various models.
We start with a brief outline of the relativized quark model and comment on its similarities and differences with other quark model calculations. The spectroscopic predictions are given and compared to those of other models in the literature. This is followed by predictions for E1 and M1 radiative transitions and estimates of hadronic transitions based on the Kuang-Yan approach [30, 31] . We summarize existing predictions for some of the more prominent weak decays of the B c ground state as final states are an important ingredient in reconstructing the B c mesons. In addition, leptonic decays measure the wave function at the origin and are therefore an additional test of the model [32] . We end by discussing some strategies for searching for excited B c mesons and studying their spectroscopy.
II. SPECTROSCOPY
In this section we give the mass predictions of the relativized quark model [6, 26, 27] for the charm-beauty mesons and compare those predictions with the predictions of other calculations. This model has ingredients common to many quark potential models [4, [8] [9] [10] 12] . Almost all such models are based on some variant of the Coulomb plus linear potential expected from QCD. An interesting observation is that all recent models have arrived at the same slope for the linear confining potential of 0:18 GeV 2 . Most models, as does ours, also include the running constant of QCD, s Q 2 . And finally, relativistic effects are often included at some level. The relativized quark model has been reasonably successful in describing most known mesons. Although cracks have recently appeared with the discovery of the D sj [33] [34] [35] and X3872 states [36] , these point to the need to include physics which has hitherto been neglected such as coupled channel effects [37] .
In the relativized quark model mesons are approximated by thesector of Fock space, in effect integrating out the degrees of freedom below some distance scale, ÿ1 . This results in an effective potential, Vp;r, whose dynamics are governed by a Lorentz vector one-gluonexchange interaction at short distance and a Lorentz scalar linear confining interaction. The basic equation of the model is the rest frame Schrö dinger-type equation [38] :
where
The effective quark-antiquark potential, Vp;r, was found by equating the scattering amplitude of free quarks, using a scattering kernel with the desired Dirac structure, with the effects between bound quarks inside a hadron [39, 40] . Due to relativistic effects the potential is momentum dependent in addition to being coordinate dependent. To first order in v=c 2 , Vp;r reduces to the standard nonrelativistic result: 
the Thomas precession term. In these formulas s r is the running coupling constant of QCD.
To relativize thepotential, the full Dirac scattering amplitude was used as a starting point which for on-shellscattering is exact. However for a strongly interacting system there will in general be off-shell behavior which we did not consider in addition to other simplifications such as neglecting more complex components of Fock space. We therefore built a semiquantitative model of relativistic effects by smearing the coordinater over the distances of the order of the inverse quark mass by convoluting the potential with a Gaussian form factor and replacing factors of m ÿ1 i with, roughly speaking, factors of p 2 m 2 i ÿ1=2 . The details of this relativization procedure and the method of solution can be found in Ref. [6] . It should be kept in mind that because we neglected coupled channel effects and the crudeness of the relativization procedure we do not expect the mass predictions to be accurate to better than 10 ÿ 20 MeV.
For the case of a quark and antiquark of unequal mass charge conjugation parity is no longer a good quantum number so that states with different total spins but with the same total angular momentum, such as the 3 P 1 ÿ 1 P 1 and 3 D 2 ÿ 1 D 2 pairs, can mix via the spin-orbit interaction or some other mechanism. Eqs. (8) and (9) can be rewritten to explicitely give the antisymmetric spin-orbit mixing term:
whereS ÿ S Q ÿS Q . Consequently, the physical j 1 P-wave states are linear combinations of 3 P 1 and 1 P 1 which we describe by:
with analogous notation for the corresponding L D, F, etc., pairs. In Eq. (11) P L 1 designates the relative angular momentum of the Q Q pair and the subscript J 1 is the total angular momentum of the Q Q pair which is equal to L. Our notation implicitely implies L ÿ S coupling between the quark spins and the relative orbital angular momentum. In the heavy quark limit in which the heavy quark mass m Q ! 1, the states can be described by the total angular momentum of the light quark, j, which couples to the spin of the heavy quark and corresponds to j ÿ j coupling. This limit gives rise to two doublets, one with j 1=2 and the other with j 3=2 and corresponds to two physically independent mixing angles ÿtan ÿ1 2 p ' ÿ54:7 and tan ÿ1 1= 2 p ' 35:3 [41] . Some authors prefer to use the j ÿ j basis [2] but since we solve our Hamiltonian equations assuming L ÿ S eigenstates and then include the LS mixing we use the notation of Eq. (11) . It is straightforward to transform between the L ÿ S basis and the j ÿ j basis. It will turn out that radiative transitions are particularly sensitive to the 3 L L ÿ 1 L L mixing angle with predictions from different models in some cases giving radically different results. We also note that the definition of the mixing angles are fraught with ambiguities. For example, charge conjugating c b into b c flips the sign of the angle and the phase convention depends on the order of couplingL,S Q andS Q [41] . The Hamiltonian problem was solved using the following parameters: the slope of the linear confining potential is 0:18 GeV 2 , m c 1:628 GeV, and m b 4:977 GeV. The predictions of our model are given in Fig. 1 and are compared to the predictions of other calculations in Table I . Because the mixing angles defined in Eq. (11) are important for predictions of radiative transitions those predictions are also given in Table I . Although I have attempted to consistently give the masses and the mixing angles of the predicted eigenstates in the convention of Eq. (11), because not all authors have unambiguously defined their phase conventions I cannot guaranty that these results are free of inconsistencies.
The different models are in remarkable agreement with the differences, for the most part, within the expected accuracy of the models. This almost certainly indicates how the various models have converged to using similar confining potentials and including a strong running coupling constant in the Coulomb piece of the potential. The only significant difference is the larger spread ( 70 MeV) for the 1D multiplet center of gravity predictions. The spin-dependent splittings are also in reasonable agreement. Potential models can therefore be used as a reliable guide in searching for the B c excited states. An important difference in the predictions is that in the Eichten-Quigg calculation [2] the 1P 1 states are almost pure 3 P 1 and 1 P 1 with little mixing while in other models there is significant mixing. This arises from the much smaller expectation value of the off-diagonal mixing term [Eq. (10) ] in the Eichten-Quigg calculation [2] compared to the other models. Since, after rotating from the j ÿ j basis to the L ÿ S basis, the L ÿ S mixing term given by Eichten and Quigg is in agreement with Eq. (10), the differences in expectation values can only be attributed to differences in the cancellations between the short and long distance pieces in Eq. (10), i.e., between the pieces. This reflects subtle differences in thepotentials of different models. Because the E1 radiative transitions are sensitive to the 3 P 1 ÿ 1 P 1 mixing, the measurement of radiative transitions can be used to distinguish between the different models. The study of B c spectroscopy will help test and refine the quark potential models but more importantly will test Lattice QCD, NRQCD, and pNRQCD, etc., which are more directly connected to QCD.
III. RADIATIVE TRANSITIONS
Radiative transitions will likely play an important role in the discovery and identification of B c states. In this section we calculate the E1 and M1 radiative widths. The partial width for an E1 radiative transition between states in the nonrelativistic quark model is given by [43] 
Mass ( (13) e c 2=3 is the c-quark charge and e b ÿ1=3 is the b-quark charge in units of jej, is the fine-structure constant, ! is the photon's energy, and C fi is given by
For convenience the C fi coefficients are listed in Table II and III. The matrix elements hn 02S 0 1 L 0 J 0 jrjn 2S1 L J i are given in Table II and III and were evaluated using the wave functions given by the relativized quark model [6] . Relativistic corrections are implicitly included in these E1 transitions through Siegert's theorem [44 -46] , by including spin-dependent interactions in the Hamiltonian used to calculate the meson masses and wave functions. The E1 radiative widths are given in Table II and III and compared to other predictions in Table IV. Most of the predictions for E1 transitions are in qualitative agreement. While most differences are due to differences in phase space arising from different mass predictions the more interesting differences arise from wave function effects. The largest differences are for decays involving the P 1 and P 0 1 states which are mixtures of the spin singlet 1 P 1 and spin triplet 3 P 1 states. These can be traced back to the different 3 P 1 ÿ 1 P 1 mixing angles predicted by the different models. Wave function effects also appear in decays from radially excited states to ground state mesons such as 2 3 P 0 ! 1 3 S 1 which varies from one to 22 keV. Because the 2 3 P 0 has a node in its wave function there will be a cancellation between different pieces of the h2 3 P 0 jrj 3 S 1 i overlap integral. Ebert, Faustov, and Galkin [12] include an additional relativistic correction to transitions involving the mixed states caused by the difference of the c and b quark masses. This leads to further differences with the other models.
Radiative transitions which flip spin are described by magnetic dipole (M1) transitions. The rates for magnetic TABLE I. Predicted masses and Spin-Orbit mixing angles. The first column labeled GI is the present work. The P 0
, and F 0 3 ÿ F 3 states and mixing angles are defined using the convention of Eq. . (11 TABLE II. E1 transition rates. The matrix elements were obtained using the wave functions of the GI model [6] . For mixed states such as 1 P 0 1 and 1 P 1 the widths are calculated using the wave function conventions defined in Eq. (11) with the mixing angles given in Table I and the matrix elements and C fi factors corresponding to the labelling of column 6.
Initial state
Final state The M1 widths and overlap integrals are given in Table V . They are compared to other calculations in Table VI . Transitions in which the principle quantum number changes are referred to as hindered transitions which are not allowed in the nonrelativistic limit due to the orthogonality of the wave functions. M1 transitions, especially hindered transitions, are notorious for their sensitivity to relativistic corrections [49] . In our calculations the wave function orthogonality is broken by including a smeared hyperfine interaction directly in the Hamiltonian so that the 3 S 1 and 1 S 0 states have slightly different wave functions. Ebert et al. are more rigorous in how they include relativistic corrections [12] but to improve the J= ! c result they modify the confining potential by making it a linear combination of Lorentz vector and Lorentz scalar pieces.
Given the sensitivity of radiative transitions to details of the models, precise measurements of electromagnetic transition rates would provide stringent tests of the various calculations.
IV. HADRONIC TRANSITIONS
Hadronic transitions between quarkonium levels are needed to estimate branching ratios and discuss search strategies for these states. In fact, these are the dominant decays for both the 2S and 2S states. There have been numerous theoretical estimates of hadronic transitions over the years [30,31,50 -60] . In some cases the estimates disagree by orders of magnitude [52] . Hadronic transitions are typically described as a twostep process in which the gluons are first emitted from the heavy quarks and then recombine into light quarks. A multipole expansion of the color gauge field is employed to describe the emission process where the intermediate color octet quarkonium state is modeled by some sort of quarkonium hybrid wave function. However, the main disagreement between predictions arises from how the rehadronization step is estimated. To some extent this latter uncertainty can be reduced by employing the multipole expansion of the color gauge fields developed by Yan and collaborators [30, 31, 50, 51] together with the WignerEckart theorem to estimate the E1-E1 transition rates [30] and fixing the reduced matrix elements by rescaling measured transition rates. When no measured transitions exist we instead rescale the theoretical estimates of related matrix elements [31] . This is the approach used by Eichten and Quigg [2] . In addition to E1-E1 transitions there will be other transitions such as 3 S 1 ! 3 S 1 which goes via M1-M1 & E1-M2 multipoles and spinflip transitions such as 3 S 1 ! 1 P 1 which goes via E1-M1 [31] . These transitions are suppressed by inverse powers of the quark masses and are expected to be small compared to the E1-E1 and electromagnetic transitions. The 2 3 S 1 ! 1 3 S 1 transitions are further suppressed due to being at the limit of available phase space.
The differential rate for E1-E1 transitions from an initial quarkonium state 0 to the final quarkonium state , and a system of light hadrons, h, is given by the expression [30, 31] : 
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where ' 0 , ' are the orbital angular momentum and J 0 , J are the total angular momentum of the initial and final states, respectively, s is the spin of the Q Q pair, M 2 is the invariant mass squared of the light hadron system, f g is a 6 ÿ j symbol, and A k ' 0 ; ' are the reduced matrix elements. The magnitudes of the A k ' 0 ; ' are model dependent with a large variation in their estimates. In the soft-pion limit the A 1 contributions are suppressed so, as TABLE IV. Comparison of predictions for E1 transition rates. The column labeled GI is the present work. We quote the predicted rates from the various references and do not attempt to normalize the rates to common phase space factors. is the usual practice, we will take A 1 ' 0 ; ' 0. For the remaining rates we use scaling arguments taking measured rates as input or, when no measured rates exist, we rescale the rates predicted for the b b system by Kuang and Yan [31] to obtain the c b rates. The amplitudes for E1-E1 transitions depend quadratically on the interquark separation so the scaling law between a c b rate and the corresponding Q Q rate is given by [30] ÿc
up to phase space. The scaling factors used to relate the input rates to the c b rates are given in Table VII ing the corresponding b b transitions [61] . A 0 1; 1 and A 2 1; 1, corresponding to 2 3 P 0 ! 1 3 P 0 and 2 3 P 2 ! 1 3 P 1 respectively, were obtained by rescaling the appropriate b b rate predictions given by Kuang and Yan [31] . As pointed out above there is considerable variation in the A 2 2; 0 amplitude needed for the 1 3 D J ! 1 3 S 1 transitions. The largest predicted rate for the 1D ! 1S transition comes from Kuang and Yan [31] and has been ruled out by a recent CLEO limit [64] . The CLEO limit is about a factor of 3 larger than the rate predicted by Ko [60] . The reduced rate for the c b system found by rescaling the recent BES measurement [62] of the 00 ! J= rate is considerably larger than the rate found by rescaling the 1D ! 1S CLEO limit. However, it is likely that one can reconcile the b b and c c results by properly taking into account 2 3 S 1 ÿ 1 3 D 1 mixing [51, 65, 66] . We will therefore assume a reduced rate of A 2 2; 0 21 keV which is based on the CLEO limit on the transition 1D ! 1S [64] . The 1D ! 1S transitions is the subject of recent interest [52, 65, 66] and as the experimental measurements improve it would be useful to revisit these calculations. The uncertainty in these hadronic transitions could easily lead to factors of two errors in the resulting branching ratios. A final note is that we have not considered coupled channel effects to D D and B B for the c c and b b states, respectively, which could make a considerable contribution to states close to threshold [66] .
The reduced rates of Table VII are used to obtain the c b hadronic transitions which are summarized in Table VIII . We do not include decays of the type 2 3;1 P J ! 1 3;1 P J 0 , as they are expected to be small compared to the decays we included. Likewise, transitions with and 0 in the final state are possible but are expected to have much smaller partial widths and transitions are further suppressed by phase space. Although the 3 3 S 1 and 3 1 S 0 states are expected to be above BD threshold, and therefore relatively broad, we include the two-pion transitions for the sake of completeness.
V. WEAK DECAYS
The final ingredient needed in a study of B c phenomenology is the B c width and its weak decay partial widths. The details of B c decay have been given elsewhere [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . For completeness we give a brief overview of the essential features of these decays and summarize the weak decay branching ratios in Table X . We refer the interested reader to the original literature for details of the calculations [32, [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] .
For a rough estimate of the B c width we can treat the b-quark and c-quark decay independently so that B c decay can be divided into three classes: (i) the b-quark decay with spectator c-quark, (ii) the c-quark decay with spectator b-quark, and (iii) the annihilation B c ! ' ' c s; u s, where ' e; ; . The total width is the sum over partial widths
In addition there is a Pauli interference contribution to the b ! cc s decay from the c-quark spectator which we ignore in this crude estimate.
In the spectator approximation: 
where m i is the mass of the heavier fermion in the given decay channel. For lepton channels C i 1 while for quark channels C i 3jV0 j 2 . The pseudoscalar decay constant, f B c , is defined by:
where V cb is the cb element of the Cabibbo-KobayashiMaskawa matrix, and k is the four-momentum of the B c meson. In the nonrelativistic limit the pseudoscalar decay constant is proportional to the wave function at the origin and is given by the van Royen-Weisskopf formula
This result is modified by QCD corrections and relativistic effects, which are included using the Mock-Meson approach or other relativistic quark models. The predictions of the various calculations including Lattice QCD are summarized in Table IX . Using the mockmeson result of f B c 410 MeV [32] , which is consistent with most other predictions, leads to the annihilation width of ÿann 67 10 ÿ6 eV (25) Adding this result to the spectator contributions gives ÿtotal 8:8 10 ÿ4 eV corresponding to a B c lifetime of 0:75 ps which is in rough agreement with the measured value of 0:46 0:18 ÿ0:16 ps. A more careful calculation by Kiselev gives 0:5 ps [67] . The approximate branching fractions for the b-decay, c-decay, and annihilation processes are 54%, 38%, and 8% respec-tively. These BR's are modified by strong interaction effects [4,67,70 -72,74] which are included in some recent calculations of BR's. The branching ratios of some prominent decay modes are summarized in Table X . In addition, weak B c decays to P-wave charmonium states, c or h c , are potentially important decay modes [74] but we will neglect them in favor of simpler to observe decay chains. 
The expression is for the 3 P 2 ! 3 P 1 transition.
b These rates include the appropriate mixing angles defined in Eq. (11) and given in Table I   c The expression is for the 3 P 1 ! 3 P 2 transition. d The expression is for the 1 P 1 ! 1 P 1 transition. e These rates include the appropriate mixing angles. We assume a ve phase between the 1 P 1 ! 1 P 1 and 3 P 1 ! 3 P 1 amplitudes. 
VI. EXPERIMENTAL SIGNATURES AND SEARCH STRATEGIES
B c mesons offer a rich spectroscopy of narrow states to study; there are two S-wave, two P-wave, and one D-wave B c multiplets below BD threshold. Because B c mesons carry flavor they cannot annihilate into gluons and are expected to be quite narrow; <100 keV. In addition, the F-wave states are just above threshold so might also be relatively narrow due to the angular momentum barrier which would suppress the decay [77] . Two ingredients are necessary for the study of B c spectroscopy; that they be produced in sufficient quantity and that they yield a signal that can be distinguished from background.
B c production production proceeds via the hard associative production of the two heavy quark pairs c c and b b which suppresses the B c yield relative to beauty hadrons by O10
ÿ3 [19] . Because fragmentation dominates at high-p T it has proven useful to describe B c meson production by hadronization of individual high-p T partons using the factorization formalism based on nonrelativistic QCD [15] . This approach was utilized by a number of authors to calculate B c production at hadron colliders. At the Tevatron, with acceptance cuts of p t > 6 GeV and jyj < 1, Cheung estimates that O10 7 B c mesons should be produced for an integrated luminosity of 1 fb ÿ1 [20] . At the LHC O10
9 B c mesons are expected to be produced for 100 fb ÿ1 with the kinematic cuts of p t > 10 GeV and jyB c j < 2:5 [20] . The B c cross sections are expected to be 50 ÿ 100% larger than the B c cross sections [16, 19, 20] . The p T distribution falls rapidly so that the small p T region is quite important [16] but also making the cross sections sensitive to the exact values of the kinematic cuts [17, 18] . With the high luminosity of the LHC one expects a sizable number of P-and D-wave c b states ( 20% and 2% of the total inclusive B c cross section, respectively) as well as excited S-wave states to be produced (2S=1S 0:6) [20, 22, 24] . The LHC should therefore produce sufficient B c mesons to allow the study of the c b spectroscopy and decays. We will use these numbers as the starting point to estimate the number of B c 's produced in a particular decay chain.
Regardless of which state is produced, it will eventually cascade decay to the B c ground state via electromagnetic and hadronic transitions so that the B c must be observed in order to reconstruct the parent particle for the particular decay chain. Prominent decays of the B c are given in Table X . B c decays with a J= in the final state such as J= X where X can be a , , or ' ' are especially useful as the J= ! ' ' ÿ provides a use- , have much larger BR's and could also prove to be important modes if B c 's can be reconstructed in these channels.
To estimate event rates we also need to include detection efficiencies. Simulations by D0 and CDF [3] find efficiencies for the exclusive decays B c ! J= ! ÿ and B c ! J= ' ' ! ÿ ' ' of 2% and 4% respectively.
In Table XI and XII we combine the electromagnetic transitions widths with the hadronic transition widths to give total widths and BR's. These are used in Table XIII to give estimates for the number of events expected at the Tevatron and LHC for the more prominent decay chains of B c excited states. We assume that the ground B c state is observed in the B c ! J= ' ' ! ' 0ÿ ' 0 ' ' and B c ! J= ! ' 0ÿ ' 0 decay modes with BR's 2% and 0:2% respectively and detection efficiencies of 2% and 4% respectively. We include a factor of 2 to take into account both the e e ÿ and ÿ decay modes of the J= and a factor of 2 to take into account the production of both charge conjugate B c states. To take into account the relative production rates of different excited states we use the production rates given above of 10 7 B c 's at the Tevatron and 10 9 B c 's at the LHC with relative numbers of 2 for the B c , 0.2 for the 1P states, 0.02 for the 1D states, and 0.6 for the 2S relative to the 1S states. For the 2P states we use the same factor of 0.6 for 2P relative to 1P but this is a rather arbitrary assumption. As noted already, the cross sections are very sensitive to the kinematic cuts so the number of events expected should only be taken as rough estimates.
The signal for excited B c states is a photon or pions in coincidence with B c decay. A serious omission from the estimates given in Table XIII is the neglect of tagging efficiencies for the photons and pions in the transitions. The photon ID can be relatively high depending on the kinematics. For the pions, the combinatorial background is large and =K separation is not so good so one really needs to do studies of specific processes. Thus, understanding photon and pion identification requires a detailed simulation study which is beyond the scope of this paper. However, one might be optimistic, given the success of CDF in studying c production [78] and the observation of the X3872 ! J= ÿ [79] in pp collisions at the Tevatron.
Notwithstanding the previous caveat, it should be possible to observe the 1S, 2S, and 1P states at the Tevatron. It is also possible, although only marginally so, that some of the 1D and 2P might also be seen. With the higher statistics available at the LHC, all c b states below threshold could potentially be observed, although the larger backgrounds will make this quite challenging.
The fact that the B c is not an eigenstate of charge conjugation helps simplify the search for states such as the 1P 0 1 , 1P 1 , 1D 0 2 , and 1D 2 . The singlet component of these states allows E1 or hadronic transitions directly to the ground state B c with large BR's. This should simplify the reconstruction efforts significantly. For example 1P 0 1 production and decay to the B c with its subsequent decay to J= and J= ' ' should produce O600 events in Run II at the Tevatron. Likewise, 2P 0 1 and its subsequent decay should produce O100 events. These yields would be enhanced if other B c decay modes with larger BR's could be utilized. The discovery of the 1P 0 1 would yield important spectroscopic information in addition to being an experimental tour de force. Of course, these BR's are highly sensitive to the 1P 0 1 ÿ 1P 1 mixing angle. With enough measurements these details can be constrained and different models can be differentiated. There will also be large number of events for decay chains going via an intermediate 
VII. SUMMARY
The primary purpose of this paper is to calculate B c masses and radiative transitions in the relativized quark model. For the most part the mass predictions are consistent with other models, within the accuracy of these models. The largest discrepancy in predictions is for the triplet-singlet mixing angles. This has implications for transitions between states so can be tested with appropriate measurements. Combining the BR's we have calcu- lated with B c production cross sections from the literature we see that the 1S, 1P, and 2S states should be produced in sufficient numbers to be observed at the Tevatron. With the higher statistics of the LHC, it should also be possible to observe the 1D and 2P states. It will be a significant experimental challenge to extract the signals for these states from the large background but their observation would add considerably to our knowledge of quarkonium spectroscopy and discriminate between the various models that exist in the literature.
